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Silicon  carbide  nanowires  (SiCNWs)  are  a set  of  promising  reinforcement  materials  due to  their  supe-
rior  properties.  However,  formation  mechanism  of the  SiCNWs  synthesized  by the  thermal  evaporation
method  without  metal  catalyst  is still  unclear.  To understand  the  formation  mechanism,  SiCNWs  were
synthesized  by  the  thermal  evaporation  method  at 1350 ◦C using  a  pre-oxidized  Si powder  and  CH4 gas  as
precursors.  SiCNWs  obtained  by  this  method  were  -SiC/SiO2 core–shell  nanowires  with average  diam-
eter  about  55  nm and  with  a length  up to 1 mm.  The  exhaust  gases  during  the  SiCNWs  synthesis  processiC nanowire
hermal evaporation method
as chromatography
ormation mechanism
rowth activity
were  examined  by  gas  chromatography  and  the photographs  of growth  activity  of  SiCNWs  inside  the
furnace  were  captured.  CO gas  was  detected  during  the  active  formation  of SiCNWs.  It was clariﬁed  that
CO gas  was  one  of the  byproducts  from  SiCNWs  synthesis  process,  and  the formation  reaction  of  SiCNWs
should  be 3SiO(g)  +  3C(s)  →  2SiC(s)  + SiO2(s)  + CO(g).  The  formation  of SiCNWs  was  discussed  based  on
the  oxide-assisted-growth  mechanism.
© 2014 The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by. Introduction
Among the various one-dimensional structures based on non-
xide ceramics, silicon carbide nanowires (SiCNWs) have been
ntensively studied these days due to their very unique properties
uch as high thermal and chemical stabilities [1], a wide band gap
nergy and photoluminescence emission peak (2.8 eV and 470 nm,
espectively) [2,3]. SiCNWs also show biocompatibility [4]. SiC-
Ws  possess excellent mechanical and thermal properties, such
s high bending strength and high Young’s modulus over 50 GPa
nd 600 GPa [5], respectively. Thermal conductivity of SiCNWs is
eported to be around 100 W/m  K [6]. Many types of SiC such as
hiskers [7], platelets [8] and nanoparticles [9,10] were widely∗ Corresponding author at: Department of Metallurgy and Ceramics Science,
okyo Institute of Technology, 2-12-1-N1-29, O-okayama, Meguro-ku, Tokyo 152-
550, Japan. Tel.: +81 3 5734 3082.
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ttp://dx.doi.org/10.1016/j.jascer.2014.05.004Elsevier  B.V.  All  rights  reserved.
used as additives to enhance the mechanical and thermal prop-
erties of composite materials. SiCNWs are expected to be used as
reinforcement materials for improving the composite’s properties
further. In our previous research, thermal conductivity of alumina
matrix composites was  improved by adding a small amount of SiC-
NWs  [11]. Furthermore, SiCNWs have been thought to be suitable
for the fabrication of high frequency, high temperature, and high
power electronic nanodevices [12–15].
SiCNWs can be prepared by several methods such as chemi-
cal vapor deposition [16–18], laser ablation [19] and using carbon
nanotubes as a template [20]. These methods require special equip-
ments and complicated procedures that make the production cost
very high, and also need some metal catalysts, which reduce the
purity and then degrade the crucial properties of SiCNWs. Thermal
evaporation method for the synthesis of SiCNWs was  developed by
Khongwong et al. [21,22]. Silicon powder and methane gas (CH4)
were used in this method as sources of Si and C, respectively, while
without using any metal catalyst. SiCNWs were synthesized in a
tube furnace that is easy to operate, and we get relatively large
amount of the products in short time.
The formation mechanism of SiCNWs by thermal evapora-
tion method is needed to be clariﬁed to improve the amount
of products and leads to the sufﬁcient SiCNWs for application
researches. Recently, many mechanisms have been proposed such
as vapor–liquid–solid (VLS) mechanism [23–25], vapor–solid (VS)
mechanism [26–28] and oxide-assist-growth mechanism [29–31].
Many chemical equations also have been discussed but there were
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The cross-section photographs of growth activities during SiC-
NWs  synthesis, taken every 1 min  from the starting of the soaking
time at 1350 ◦C, are shown in Fig. 4. The ﬁrst photograph at the
starting of soaking time (0 min) was a reference. The black U shape36 N. Jiraborvornpongsa et al. / Journal o
o mention about experimental results about the exhaust gases
rom the SiCNWs synthesis by thermal evaporation method and no
irect observation of the formation of SiCNWs. From the combina-
ion results of these two experiments, we can further understand
he formation mechanism of SiCNWs in some points. In this study,
e analyzed the exhaust gases from the SiCNWs production sys-
em by gas chromatography, and also captured the growth activity
f SiCNWs inside the furnace. The synthesis mechanism of SiCNWs
y thermal evaporation method was discussed based on the results
f the present study and previously reported information.
. Experimental procedure
.1. Synthesis and characterization of SiCNWs
Silicon powder (average particle size 5 m,  99.99% purity,
ojundo Chemical Laboratory Co., Ltd., Japan) was pre-oxidized in
ir at 800 ◦C for 1 h to increase the oxygen content in the raw pow-
er as mentioned in the previous research [22]. Oxidized silicon
owder was placed in a mullite boat which was covered with an
lumina ﬁber net (3025-T Standard Woven Fabric, Nitivy Co., Ltd.,
apan), and was carefully put in the center of a mullite tube furnace
s schematically shown in Fig. 1. The furnace was ﬁrst vacuumed
o the pressure lower than 1.4 Pa at room temperature, and then
rgon gas (99.9995%) was fed at the rate of 600 cm3/min. After
hat the furnace was heated up to 1350 ◦C and soaked for 1 h. By
he time of soaking, H2 gas (99.999%) was ﬁrst fed at the rate of
0 cm3/min for 2 min  before the ﬂowing of CH4 gas (99.99%) at the
ate of 10 cm3/min. Soaking time was counted from the inlet of H2
as. After passing for 30 min  from the start of CH4 inlet, feeding of
2 and CH4 gases was stopped and the furnace was continuously
eated at the soaking temperature for another 30 min. Then the
urnace was naturally cooled down to room temperature.
White-blue wool-like SiCNWs, those formed in the space
etween the silicon powder and the alumina ﬁber net, were care-
ully removed and characterized by scanning electron microscopy
FE-SEM, ﬁeld-emission type, S-4800, Hitachi, Japan) and X-ray
iffractrometry (XRD; Cu K, PW 1700, Philips, Holland).
.2. Observation of growth activity of SiCNWs
For the observation of growth activity of SiCNWs, ﬁrst a special
ullite boat was prepared by cutting across at the end of the boat.
econd, we changed the furnace cover at the end of the tube from
 stainless steel type to a transparent SiO2 glass. Finally, we  set a
igital camera at the end of the furnace. Same fabrication proce-
ure was carried out as mentioned above. During soaking, growth
ctivity photographs of SiCNWs inside the tube furnace were cap-
ured with a digital camera (12.9 M pixels per frame, D5000, Nikon,
apan), at every one-minute interval time. The exposure time of the
mages was ﬁxed at a certain value for observation of the change in
rightness inside the furnace.
Fig. 1. Schematic illustration of a furnace setup for SiCNWs synthesis. Ceramic Societies 2 (2014) 235–240
2.3. Gas analysis of SiCNWs synthesis
In this experiment, a gas chromatograph (G-3000, Hitachi Ltd.,
Japan) equipped with a thermal conductivity detector (TCD) and
an active carbon support column (Cat. No. 1001-13006, SUS col-
umn material, 2 m length, GL Science Inc.) was used to determine
the types and amount of exhaust gases. This equipment setting of
the TCD and the active carbon column were able to detect hydrogen
(H2), methane (CH4), carbon monoxide (CO), carbon dioxide (CO2)
and argon (Ar) gases. For the analysis of CO gas, we  changed the car-
rier gas of SiCNWs synthesis from argon to helium gas (99.99995%),
due to the overlapping of the argon and the CO peak in the result.
The same heating schedule and the gas ﬂow rates for SiCNWs syn-
thesis were used as mentioned in Section 2.1. During the soaking
period of SiCNWs synthesis, 1 cm3 of exhaust gas was sampled by
using a microsyringe from the end of the tube furnace and ana-
lyzed each gas content by gas chromatography, using helium as a
carrier gas with the ﬂow rate of 20 cm3/min. Temperature of the
injection port and the detector of the gas chromatograph were set
at 100 ◦C and 50 ◦C, respectively. The initial column temperature
was set at 100 ◦C throughout the process and analyzing time was
set to 10 min. The amount of each gas was calculated from the out-
put peak area, using the calibration curves prepared using standard
gases. For comparison, the same set of experiment without putting
silicon powder into the boat was  conducted for reference.
3. Results and discussion
After the synthesizing process mentioned above, a white-blue
wool-like SiCNWs product was  obtained inside the mullite boat
between Si powder and the alumina ﬁber net. Fig. 2 shows an
SEM micrograph of SiCNWs synthesized by the thermal evapo-
ration method. SiCNWs obtained by this process had a smooth
surface with an estimated length up to 1 mm.  The XRD pattern
of SiCNWs is shown in Fig. 3, and ﬁve diffraction peaks could be
identiﬁed as (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) reﬂections of
-SiC without any other impurities. From the transmission elec-
tron microscope (TEM) observation, and Fourier-transform infrared
spectroscopy (FT-IR) characterizations in our previous work [22],
it was  conﬁrmed that the SiCNWs produced by this process were
core–shell type nanowires those had a single crystal -SiC core and
low-crystalline SiO2 shell.Fig. 2. SEM micrograph of SiCNWs.
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temperature the decomposition of CH4 proceeds completely, and
then carbon nanoparticles are deposited randomly over raw pow-Fig. 3. X-ray diffraction pattern of SiCNWs obtained from this experiment.
as the cross-section of the mullite boat which was  cut at the end
f one side, the bright part in the center was another end of the boat,
he bright part at the top was the alumina ﬁber net and the gray
art at the bottom was the silicon powder. After about 5 min  from
he start of H2 gas inlet, the area inside the mullite boat suddenly
ecame dark, which may  perhaps be due to the decomposition of
H4 gas to C and H2. Carbon particles should be ﬂowing through-
ut the tube furnace. At around 10 min, a light gray colored matter
ppeared at the bottom left and right inside of the mullite boat,
nd subsequently they were considered to be SiCNWs. At around
5 min, SiCNWs rapidly grew from bottom’s left and right sides,
nd were connected together at the center of the mullite boat. The
arker color means slightly lower temperature or the growth of SiC-
Ws  disturbed the light from the end of the boat. At around 20 min,
op part of SiCNWs reached the alumina ﬁber net and continued to
row until the supply of CH4 and H2 gases was stopped at the end
f 30 min  supply period. By observing the increase of the darker
ortions inside the boat at every minute, the fastest increase of the
arker portions corresponding to the fastest growth rate of SiCNWs
as observed to be during 10–20 min  or in the middle of CH4 and
2 gas-supply duration. At 35 min  (5 min  after stopping CH4 and
2 gas-supply), the amount of darker portion did not increase fur-
her and the image inside the furnace changed brighter due to the
bsence of carbon particles in the system.
From the results of gas chromatography at 1350 ◦C, both CH4
nd CO2 gases were not found both in the reference condition (no
i powder in the system) and the system containing oxidized Si
owder due to the complete decomposition of CH4 gas, and no
eneration of CO2 gas in the system was conﬁrmed. Fig. 5 shows
he amount of CO gas and H2 gas in 1 cm3 of exhaust gases during
oaking time at 1350 ◦C, comparing between the normal produc-
ion process that contain 0.4 g of the pre-oxidized silicon powder
nd without silicon powder in the system. The amount of H2 gas
nd tendency were almost same between both systems. At the ﬁrst
 min  of the soaking period only H2 gas was supplied into the sys-
em, so the amount of H2 gas was increased after CH4 gas was
ntroduced into the furnace and decomposed into C and H2.
CO gas was detected only in the system containing Si powder
nd only during formation of SiCNWs. The CO gas was not found
fter CH4 gas was stopped during the soaking time. It was clariﬁed
hat CO gas was produced as a by-product during the formation of
iCNWs. The whole growth process can be described as follows,
iO (s) + Si(g) → 2SiO(g) (G = −86.24 kJ at 1350 ◦C) (1)2
H4(g) → C(s) + 2H2(g) (G = −56.36 kJ at 1350 ◦C) (2) Ceramic Societies 2 (2014) 235–240 237
3SiO(g) + 3C(s) →
2SiC(s) + SiO2(s) + CO(g) (G = −251.02 kJ at 1350 ◦C) (3)
Reaction (1) shows the generation of SiO gas in the system.
Gaseous Si evaporated from solid silicon powder (Si) and reacts
with amorphous silica (SiO2) layer on its surface that was produced
during pre-oxidation at 800 ◦C in air before the main experiments.
It was conﬁrmed by Khongwong et al. [22] that oxygen content
in the silicon raw powder played an important role for SiO genera-
tion. The more oxygen content means higher amount of SiO2 on the
surface of Si powder, leads to larger amount of SiO gas generation,
and then higher amount of SiCNWs could be obtained. The oxy-
gen content in the silicon powder after pre-oxidized at 800 ◦C was
measured to be 4.5% by mass. The vapor pressure of Si at 1350 ◦C
obtained by calculation from JANAF table and experimental by Gul-
bransen et al. [32] is about 2.48 × 10−2 Pa. Additionally, the vapor
pressure of SiO obtained by the reaction of Si and SiO2 at 1350 ◦C is
about 100 Pa [33,34]. The vapor pressure of SiO was much higher
than that of Si so the main gas in the system also conﬁrmed to be
SiO gas. Fig. 6 shows the SEM micrograph of silicon powder sur-
face just after the beginning of SiCNWs synthesis process. Several
parts of surface oxide layer were swelled and tops of bubbles were
burst as indicated by arrows. It indicated that Si gas was  released
from the oxidized Si particles. Reaction (2) shows the decomposi-
tion of methane gas (CH4) into carbon (C) and hydrogen (H2). This
reaction was  conﬁrmed by sampling the exhaust gas from the fur-
nace, which was  heated to high temperature and ﬂowing only CH4
gas in an inert atmosphere, then analyzed by gas chromatography.
Some amount of CH4 gas was starting to decompose into C and H2
above 1000 ◦C and all the CH4 gas was  completely decomposed at
1350 ◦C (only H2 gas were detected), as shown in Fig. 7. Moreover,
from the photo-observation at the reaction temperature of 1350 ◦C,
it was  observed that the images inside the tube furnace got darken
only during CH4 gas supply into the furnace. It should support the
presence of carbon particles that ﬂoat densely in the system.
Various temperatures were applied for the SiCNWs synthesis.
At the lower synthesis temperature around 1300 ◦C, the genera-
tion of SiO gas was very low and also CH4 gas was  not completely
decomposed, which led to very low formation of SiCNWs. On the
other hand, at higher temperature around 1400 ◦C, large amount
of Si was  evaporated because the temperature is too close to the
melting point of Si (1414 ◦C), then consumed SiO2 and generated
SiO gas at the very beginning of soaking time so there was  not
enough reaction time for SiCNWs to be formed. As a result, optimum
temperature for synthesis of SiCNWs by the thermal evaporation
method was  around 1350 ◦C. At this temperature the generation
rate of SiO gas and the formation rate of SiCNWs were corresponded
to each other’s, favorable to the formation of SiCNWs.
From the result of SEM observation, SiCNWs obtained by this
method have no metal liquid cap at the tip of nanowires so the
formation mechanism was  not VLS mechanism. Furthermore, in
this study no metal catalyst was added in the system. Thus it is
reasonable that the VLS mechanism is not applied in the growth
mechanism of SiCNWs in this study. The growth mechanism is
suggested to be oxide-assisted-growth mechanism [30,35].
At the soaking temperature (1350 ◦C) gaseous Si is evaporated
from the surface of Si powder, and reacted with SiO2 on the sur-
face of the powder, which then generates SiO gas constantly. In thisder, inside and outside surfaces of the mullite boat, the alumina
ﬁber net and also throughout the inner part of the mullite tube fur-
nace. Some carbon nanoparticles react with SiO gas, and form SiC
238 N. Jiraborvornpongsa et al. / Journal of Asian Ceramic Societies 2 (2014) 235–240
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AFig. 4. Photographs of SiCNWs growth activiti
anoparticles on the surface of not only silicon powder but also any
arts of inside the mullite boat, then grew to become SiCNWs with
iO2 amorphous layer and generated CO gas, as shown in reaction
3) and Fig. 5. SiCNWs those deposited on the surface of the silicon
owder grew preferentially due to higher concentration of SiO gas.
The direction of SiC nuclei on the surface of the Si powders
hould be random, and growth direction of nuclei is also random.
fter some period the growth of SiC along the [1 1 1] direction mayry 5 min  during the soaking period at 1350 ◦C.
be dominant, since the surface energy of {1 1 1} of SiC is the lowest
due to the close pack of this surface in zincblende materials [36].
Stacking faults were easily formed over the {1 1 1} planes in order
to decrease the formation energy of SiC [37]. Presence of stacking
faults in SiCNWs was  previously conﬁrmed by Khongwong et al.
[22] through TEM observation. Once nanowires are started to grow,
it may  rapidly extend along the low formation energy planes or
[1 1 1] direction in free space with high concentration of SiO gas and
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[3] J. Chen, W.  Tang, L. Xin and Q. Shi, Appl. Phys. A, 102, 213–217 (2010).
[4] R. Yakimova, R.M. Petoral, G.R. Yazdi, C. Vahlberg, A. Lloyd Spetz and K. Uvdal,ig. 6. SEM micrograph of surface of Si powder just after the beginning of SiCNWs
ynthesis.
ufﬁcient amount of very tiny carbon particles. Carbon particles are
ontinuously supplied from carrier gas, and deposited on the top
f the wires, where reaction (3) is actively progressing. Observing
he inside of the furnace as shown in Fig. 4, a very rapid growth of
anowires was observed just after the “darkening of inside tube”
rom near the bottom of the boat, where the raw oxidized Si pow-
er was placed. Concentration of SiO gas should be high near the
ottom of the boat. It is not sure that such a high growth rate of
iCNWs is attained by the gas–solid reaction mentioned in reac-
ion (3); however, the size of solid carbon should be small clusters
onsisted from few tens of atoms for each, it may  be possible. The
ize of carbon clusters should be very small, since they are just after
he decomposition of CH4 molecules.
According to reaction (3), SiO2 is simultaneously formed with
iC. The amorphous SiO2 layer on the [1 1 1] direction of the
anowires should be unstable due to the large amount of carbon
toms inside it, and it became a kind of molten tip of SiCNWs
re-forming which had the highest energy due to the smallest
imension [38]. Amorphous SiO2 layer on the lateral direction
ecome more stable due to their larger dimension and very smooth
urface. SiO gas and carbon clusters were continued to deposit only
t the tip of SiCNWs and continued to grow in one dimensional wire
hape.
Further conﬁrmation of reaction (3) was obtained from the
iameter of SiC core and thickness of SiO2 shell. The average core
iameter of 45 nm and average shell thickness of 10 nm were care-
ully measured from TEM photographs of more than 50 nanowires
repared by this procedure. If the cross section of each nanowire
s circle, the volume ratio of SiC and SiO2 of the nanowire wasFig. 7. Amount of CH4 gas and H2 gas in 1 cm3 of the exhaust gas during heating
without silicon powder.
calculated as 5:11 from the each area. On the other hand, molar
volume of -SiC and amorphous silica are 12.5 cm3/mole and
59.5 cm3/mole, and if the production rate of SiC:SiO2 is 2:1 accord-
ing to reaction (3), volume ratio of SiC to SiO2 is obtained as 5:12,
which is close to the observed volume ratio (5:11).
The alumina ﬁber net that covered on the top of the mullite
boat helped to maintain the reaction zone to be only inside the
mullite boat by keeping the SiO gas inside the boat which increase
the concentration of SiO gas and let the carbon particles to pass
through the boat at right amount.
4. Summary
In summary, -SiC/SiO2 core–shell nanowires have been syn-
thesized by the thermal evaporation method. Large amount of long
nanowires with smooth-surface were obtained and their average
diameters were 55 nm and up to 1 mm long. These nanowires had
a single crystal -SiC core growing along the [1 1 1] direction and
amorphous SiO2 shell. During the formation of SiCNWs in this pro-
cess, exhaust gases were analyzed by gas chromatography and the
growth activity of SiCNWs was  captured by the digital camera. CO
gas was  detected from the exhaust gases of the production system
only when SiCNWs were quickly growing. From these experimental
results it was  conﬁrmed that CO gas was one of the main byprod-
ucts of the SiCNWs formation. The formation reaction of SiCNWs
should be:
3SiO(g) + 3C(s) → 2SiC(s) + SiO2(s) + CO(g)
The SiCNWs formation was  discussed by oxide-assisted-growth
mechanism. According to this reaction, SiO2 is simultaneously
formed with SiC. The amorphous SiO2 layer on the [1 1 1] direc-
tion should not be stable due to the large amount of carbon atoms
inside it and it became a kind of molten tip of SiCNWs pre-forming
which had the highest energy due to the smallest dimension. Amor-
phous SiO2 layer on the lateral direction becomes more stable due
to its larger dimension and very smooth surface. SiO gas and carbon
clusters were continued to deposit only at the tip of SiCNWs and
continued to grow to be one dimensional wire shape.
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